Epibiotic biofilms have the potential to control major aspects of the biology and ecology of their hosts. Their composition and function may thus be essential for the health of the host. We tested the influence of salinity on the composition of epibacterial communities associated with the brown macroalga Fucus vesiculosus. Algal individuals were incubated at three salinities (5, 19, and 25) for 14 days and nonliving reference substrata (stones) were included in the experiment. Subsequently, the composition of their surface-associated bacterial communities was analyzed by 454 pyrosequencing of 16S rRNA gene sequences. Redundancy analysis revealed that the composition of epiphytic and epilithic communities significantly differed and were both affected by salinity. We found that 5% of 2494 epiphytic operational taxonomic units at 97% sequence similarity were responsible for the observed shifts. Epibacterial a-diversity was significantly lower at salinity 5 but did not differ between substrata. Our results indicate that salinity is an important factor in structuring alga-associated epibacterial communities with respect to composition and/or diversity. Whether direct or indirect mechanisms (via altered biotic interactions) may have been responsible for the observed shifts is discussed.
Introduction
Salinity is one of several major environmental factors determining the healthy state of the ecologically important brown macroalga Fucus vesiculosus (reviewed in Wahl et al., 2011) . It has been identified as an important factor in structuring microbial communities (Lozupone & Knight, 2007) , it determines the geographical distribution of most species in the Baltic (including Fucus vesiculosus), and it is expected to decrease over the coming decades in the Baltic Sea (BACC Author Team, 2008) . Its influence on the complex epibacterial community associated with this macroalgal host (Lachnit et al., 2009 (Lachnit et al., , 2011 has to date not been explored by deep sequencing methods. As the surface of benthic organisms is the functional interface between host and environment (both biotic and abiotic), the bacteria-dominated microbial community inhabiting the surface can modulate interactions between them (reviewed in Wahl, 2008; Harder, 2009 ). The ecological role of epibiotic biofilms for marine organisms has been highlighted in Wahl et al. (2012) : Epibiotic bacteria have the potential to modulate the host's access to resources (light, nutrients, micronutrients, vitamins) , to process waste products released by the host, to modify the impact of pollutants, to interfere with the host's communication via allelochemicals, to promote or inhibit infections by pathogens and parasites, or to modulate the micro-and macro-fouling pressure on the host's surface. Other roles, like the modulation of consumption pressure by grazers, are presumed but not yet proven. Given this important ecological role of epibiotic biofilms, it is crucial to know how composition (and function) of these biofilms on F. vesiculosus is controlled by the host and the environment. The former has recently been described to some extent, showing that F. vesiculosus produces antibiotic and probiotic metabolites (Saha et al., 2011 (Saha et al., , 2012 Goecke et al., 2012; Lachnit et al., 2013) . In contrast, the effect of abiotic factors, which are highly variable in coastal ecosystems and are shifting in the course of climate change (BACC Author Team, 2008; Neumann & Friedland, 2011) , on these epiphytic communities is understudied. Recently, a study on the effects of salinity on the bacterial community associated with the decomposition dynamics of dead specimens of F. vesiculosus in an estuarine ecosystem at the northwestern coast of Portugal using DNA fingerprinting methods has been published (Martins et al., 2012) . The authors found that the bacterial communities significantly differed along the estuarine salinity gradient (euhaline, mesohaline, and limnetic). To our knowledge, the effect of salinity on the entire epibacterial community of living F. vesiculosus attached to substratum has not been studied before using pyrosequencing methods. Thus, our knowledge about the effects of different salinities on community composition and diversity is incomplete at best.
In the study at hand, we assessed the impact of the abiotic factor salinity on the epibacterial community associated with F. vesiculosus and compared these to epibacterial communities on nonliving reference substrata. We hypothesize that salinity will drive shifts in the composition of epibacterial communities.
Material and methods
Individuals of the brown macroalgal species Fucus vesiculosus were collected in the Kiel Fjord, Western Baltic at 54°23 0 53″N, 10°12 0 47″E in November 2011. They were transported to the lab within 2 h after collection and stored in outdoor tanks (1200 L per replicate) until commencement of the experiments. These were conducted in the vicinity of the GEOMAR institute in Kiel, Germany. Temperature was monitored and was constant at 8°C throughout the 14 day experiment. Water in the tanks was exchanged after 7 days.
Altogether, 12 algal individuals were used for experimentation. They were distributed between three salinity levels (5, 19, and 25) within the distributional range of F. vesiculosus in the Baltic Sea (Kalvas & Kautsky, 1993; Pereyra et al., 2009) , resulting in four replicates per salinity level. Salinity in the Kiel Fjord at the time of experimentation was about 19. A salinity of 25 is reached in the Western Baltic in the Kattegat area and 5 is near the lower salinity level of 4 determining the distribution range of F. vesiculosus (Kalvas & Kautsky, 1993) . The high salinity level (25) was obtained by adding salt (Instant Ocean â , Blacksburg, VA) to fjord water (salinity 19) 48 h before it was distributed to the tanks. The low salinity level was obtained by diluting fjord water with sterile filtered fresh water. Additionally, 12 stones (similar to the ones the algae attach to and about the size of a hand) were collected at the same sampling site as the alga individuals and were included in the experiment as nonliving reference substrata. One stone was placed in one tank along with one algal individual in order to expose them to the same colonizer pool. As they were placed together in one tank (1200 L), the samples were not independent in principle. We dealt with this limitation by checking whether there were significant differences in the bacterial communities attributed to the pairing of algae and stones (i.e. being placed together in the same tank) using R (R Development Core Team, 2012). We were able to eliminate the influence of salinity on the data by regressing the abundances of OTUs (operational taxonomic units grouped at 97% sequence similarity) on the salinity terms (Salinity and Salinity 2 ) and using the residuals of this regression instead of the OTU abundances for comparison of community composition. Regressing OTU abundances on the salinity term models linear relationships and regressing on the Salinity 2 term models a unimodal relationship. For a more detailed explanation of OTUs and the salinity terms see redundancy analysis (RDA) below and references therein). The remaining influence of alga-stone pairs was tested as follows: We calculated pairwise Hellinger distances of epibacterial communities from the 121 alga-stone combinations and determined the point-biserial correlation with the pairing status of these substrates (1 for 'paired', 11 instances; 0 for 'unpaired', 110 instances). Significance P of the correlation coefficient r was determined in a permutation tail probability test by randomly assigning pairing status to substrate combinations and calculating the randomized correlation coefficient r* 999 999 times (The overall number of possible permutations is 5 9 10 22 ). P was calculated as (Σ(|r*| ≥ | r|) + 1)/1 000 000 (numerator, number of absolute r* values equal to larger than the original absolute r value, including the latter; denominator, total number of values). This two-sided test resulted in P = 0.451, meaning that the correlation coefficient was not larger or smaller than one obtained by chance. Thus, differences between the communities from paired alga and stone samples were not larger or smaller than differences between any alga and stone community pair from different tanks. Therefore, the samples were treated as independent in the statistical analysis.
Sampling of the epibacterial community
Two algal fronds per individual were rinsed for 10 s with sterile seawater to remove loosely attached particles. The bacteria on c. 15 cm 2 (visual estimation) per branch of young tissue were sampled with a sterile cotton swab (one swab per branch). We also swabbed 15 cm 2 of each stone to harvest the epilithic microbial community. Each swab was placed in a 1.5 mL Eppendorf tube and kept on ice until transportation to the lab where it was frozen at À80°C until DNA extraction.
pyrosequencing and preprocessing of reads
DNA extraction and 454 pyrosequencing were carried out following the protocol in Stratil et al. (2013) and references therein, differing only in the number of cycles in the PCR (here 35 cycles). Briefly, fragments of c. 450 base pairs (bp) of the V1-V2 hypervariable region of the 16S rRNA gene were amplified. Individual samples were tagged with a DNA-barcode to distinguish them in the statistical analysis. After amplification, equimolar amounts of DNA from the 24 samples (12 algae and 12 stones) were pooled and amplicon libraries were sequenced with a 454 GS-FLX pyrosequencer using the Titanium Sequencing Kit (Roche, Penzberg, Germany) at the Institute of Clinical Molecular Biology (ICMB), Kiel, Germany. Denoising of sequence data, grouping of OTUs (Operational Taxonomic Units) at 97% sequence similarity, and taxonomic assignment of OTUs in the Greengenes 16S rRNA reference database (DeSantis et al., 2006) were carried out following the steps in Stratil et al. (2013) . A total of 169 OTUs were classified as chloroplast sequences of microalgae. Of these, 113 were classified in the order Stramenopiles and 46 remained unclassified. We included these OTUs in the analysis because there were interesting differences in the relative abundances of microalgal OTUs on F. vesiculosus and on stones. We randomly subsampled 2024 high-quality sequences per sample for calculation of diversity indices and for redundancy analysis.
Sequences were submitted to the sequence read archive of NCBI under accession numbers SRX206342-SRX206364.
Redundancy analysis
We applied RDA to analyze OTU abundances along the salinity gradient. RDA is a linear constrained (canonical) ordination method. As opposed to unconstrained ordination methods (e.g. PCA), which are used for exploratory analysis, constrained ordination explains the relationship between response variables (e.g. species; in our study: OTUs) and explanatory variables (in our experiments: salinity and substrate i.e. alga vs. stone, respectively). For details on RDA for the analysis of epibacterial communities on F. vesiculosus and for its utility to analyze OTUs with a nonlinear distribution along the environmental gradient (in this case to model unimodal distributions of the relative abundances of bacterial OTUS by adding a squared salinity term) see Stratil et al. (2013) and references therein. We performed variation partitioning to assess the individual contribution of salinity, the squared salinity term, and substrate to total variance. Adjusted R² (variance proportions) of individual descriptors controlled for the effects of all other terms was determined (Borcard et al., 2011) . OTUs were divided into five categories according to Pearson's correlation coefficient: positive correlation with salinity, negative correlation with salinity, negative correlation with Salinity 2 , positive correlation with algae as substrata, and positive correlation with stones as substrata. Correlations within the same category with a coefficient of determination (R 2 ) of at least 0.15 were tested for significance applying Benjamini-Hochberg correction to account for multiple testing. As an additional criterion to prioritize significant OTUs in the analysis, we used their vector lengths in the RDA correlation biplot: the longer an OTU's vector, the higher its contribution to the set of constrained axes underlying the plot. Analyses were carried out with R (R Development Core Team, 2012) using the vegan package for multivariate analysis of ecological communities (Oksanen et al., 2012) . The three dimensions of the RDA model were visualized in kinemage format (Richardson & Richardson, 1992) using the in-house developed R package R2Kinemage and displayed in KiNG v2.21 (Chen et al., 2009) .
Bacterial diversity
The effect of salinity on epiphytic and on epilithic bacterial diversity (expressed as OTU richness and Inverse Simpson Index) could not be modeled at the same time in an ANCOVA because the requirement for the same relationship between epiphytic and epilithic bacterial diversity along the continuous predictor salinity was not given. Therefore, to statistically compare diversity between salinity levels and substrata, a two-factorial ANOVA was carried out in R with salinity as a categorical factor. OTU richness and evenness were log-transformed for normal distribution according to the Shapiro-Wilk test and homogeneity of variances was confirmed with the Fligner-Killeen test.
Results
OTUs clustered along the salinity gradient and by substrate (distances between sample points are 2-D approximations of their Hellinger distances [ Fig. 1 ; see kinemage file in the Supporting Information for an interactive version of this plot (Fig. S1) ]. RDA revealed that the explanatory variable salinity and the factor substrate (alga vs. stone) accounted for 18.8% and 17.5% of the variation in the bacterial community composition, respectively (Fig. 1) . Adding Salinity 2 allowed detection of OTUs that showed an unimodal response to salinity and explained 2.5% of the total variation. Salinity significantly affected OTU richness and evenness. Microbial a-diversity was lowest at the salinity of 5 despite substantial variability among replicates, regardless of substrata ( Fig. 2a and b , for results of two-factorial ANOVA see Table 1 ). The most striking differences due to salinity in epibacterial community composition were found in the low salinity samples on algae and stones alike: here the phylum Betaproteobacteria made up 30% and 15% of the community, respectively, whereas it was nearly absent (< 1%) at the other salinities (Fig. 3) . Furthermore on both substrata, members of the Gammaproteobacteria and of the Actinobacteria were on average at least twice as abundant at the higher salinities than at the low salinity (Fig. 3) . The main differences between relative OTU abundances on algae and stones were due to members of the phylum Cyanobacteria. They were present in low relative abundances on algae (c. 2-4%), but were more abundant on stones where they made up at least 8% of the community (Fig. 3) . Furthermore, mean relative abundances of members of the subphylum Gammaproteobacteria were at least twice as high on macroalgal hosts, than on stones. On average, more microalgal chloroplasts were detected in the epilithic microbial community compared to the epiphytic microbial community (Fig. 3) . Altogether, we identified 2494 OTUs on algae and 2885 on stones. Of these, 852 (18.8%) were shared among substrata (i.e. detected on at least one replicate of each substratum) and five (0.1%) bacterial OTUs were found in all samples (i.e. the 'core microbiome' in its strictest sense). Altogether, the abundances of 136 (c. 5% of total) OTUs on algae and 106 (c. 4% of total) OTUs on stones correlated significantly with salinity (positively, negatively, and negatively with the squared salinity term). Of these, those with the strongest influence on the observed patterns, determined by correlation strength and vector length, were different ones on algae and stones and are listed in Table 2 .
Discussion
In this study, we assessed the influence of salinity on host-associated bacterial microbiota and on nonliving reference substrata. We observed a highly diverse algaeassociated bacterial community with a total of 2494 OTUs at 97% sequence similarity. Variability of the bacterial microbiome between replicate host individuals was high, confirming previous results from epibacterial communities on macroalgae (Tujula et al., 2010; Lachnit et al., 2011; Bengtsson et al., 2012; Stratil et al., 2013) . Another recurrent pattern in host-associated bacterial communities is the presence of many rare OTUs and of only few highly abundant OTUs (e.g. Webster et al., 2010; Bengtsson et al., 2012; Jackson et al., 2012; Schmitt et al., 2012; Stratil et al., 2013) .
There are two general pathways of how epibacteria can be affected by environmental abiotic factors: (1) directly, by environmentally induced physiological changes and (2) indirectly, via altered biotic interactions. The latter could be environmentally induced differences in host physiology, for example, the amount or kind of exuded carbons Table 2 . OTUs (operational taxonomic units grouped at 97% sequence similarity) that had the most influence in the redundancy analysis and were negatively correlated with salinity (high relative abundance at low salinity), positively correlated with salinity (high relative abundance at high salinity), and negatively correlated with the squared salinity term (Salinity and/or host anti-and profouling metabolites which in turn can affect epibacteria (reviewed in Goecke et al., 2010; Wahl et al., 2012) Furthermore, altered interactions between members of the epibacterial community, such as communication typically by quorum sensing, metabolic cooperation, or competition (Elias & Banin, 2012) , could cause compositional shifts. It is possible that grazers (micro-and macroscopic) and macrofoulers also play a role in the interaction shifts. The effect of macroscopic grazing and fouling organisms can be ruled out because they were not present on the algae specimens during experimentation.
The comparison between bacterial communities on living hosts (potentially chemically defended) and nonliving substrata (undefended) can separate the direct effects of abiotic factors vs. indirect effects via biotic interactions. On both substrata, salinity significantly affected epibacterial community composition, as revealed by RDA. In epilithic and epiphytic communities, the bacterial taxon that on average was more prevalent at the low salinity was Betaproteobacteria and the taxon that was less abundant was Gammaproteobacteria, respectively. Furthermore, epibacterial diversity was lowest at the low salinity level. The OTUs that were most abundant at the low salinity level were the same ones on algae and on stones. These results indicate that both, epiphytic and epilithic bacterial communities, were directly affected by salinity rather than indirectly via salinity-driven shifts in algal physiology. However, OTUs with the highest relative abundances at salinity 19 and 25 were different ones on algae than on stones and the relative abundances of different OTUs correlated with either algae or stones (Table 2) . These observed differences could be due to the specificity of epiphytic and epilithic bacterial communities which shared only about one-fifth of OTUs. Salinity could directly influence bacterial taxa that are present on one substrate but not on the other. Alternatively, the differences could be explained by indirect salinity effects via alterations in the biotic interactions between host alga and/or within the biofilm community. The bacterial communities on two stone samples had conspicuously more OTUs at salinity 19 that were also less evenly distributed than in the other samples, which is reflected in the greater distances between these samples in the RDA (Fig. 1) . This was not observed in the epiphytic bacterial community. Possibly, at salinity 19, the salinity in the Kiel Fjord at the time of experimentation, the alga may have a stabilizing effect on the epibacterial community composition. Interestingly, we also observed a lower proportion of Cyanobacteria and microalgal chloroplasts on F. vesiculosus than on stones. Based on sequence classification and microscopic examination, these microalgal chloroplasts likely stem from diatoms, a microalgal taxon within the Stramenopiles. This indicates that the host algae are well defended against Cyanobacteria and microalgal foulers, regardless of salinity. Possibly, this defense is assisted by the specific epibacterial community on F. vesiculosus. Considering the high taxonomic diversity, there are multiple biotic interactions within the highly complex epibacterial community that could in turn have effects on community composition. We cannot say anything about the absolute quantitative impact of the regulation of Cyanobacteria and microalgae, because cell densities (bacterial and microalgal) on stones and algae were not quantified.
In conclusion, we can state that salinity was confirmed as one major factor shaping bacterial community composition. The observed compositional differences due to salinity were attributed to just a few members of the community (5% of OTUs) whose abundances correlated with the abiotic factor. As a large portion of the observed variation could not be explained, multifactorial studies are required to better understand the observed patterns. The mechanisms behind the observed shifts are not yet fully understood. We have indications for direct salinity effects by a comparison with nonliving reference substrata. Host defense and interactions within the biofilm community are likely to contribute to the observed variation but are presently not understood within this highly complex host-associated bacterial community. Considering the known role of epibacteria as a modulating force between host and environment, the complex shifts in the epibacterial community brought on by salinity may change these interactions. Fig. 3 . OTUs (operational taxonomic units grouped at 97% sequence similarity) with the highest mean relative abundances at the phylum and subphylum level, respectively. Microalgal chloroplast OTUs are included. OTUs with abundances < 1% are compiled in 'others' (n = 4 per salinity level, except for n = 3 for epiphytic microbial communities at salinity 25).
